INTRODUCTION
growth of pollen tubes and root hairs, hormone responses, PAT and defense responses 137 (Yalovsky et al., 2008; Wu et al., 2011; Yang and Lavagi, 2012) . They function as 138 molecular switches and cycle between GTP-bound active and GDP-bound inactive 139 forms. Activation of ROPs is predominantly controlled by RopGEFs, a plant-specific 140 family of GEFs with a conserved central domain (called PRONE) for catalytic activity.
141
The Arabidopsis genome encodes 14 RopGEFs. Transient overexpression of a subset 142 of RopGEFs, including RopGEF1, in tobacco and Arabidopsis led to depolarized 143 growth of pollen tubes (Gu et al., 2006; Zhang and McCormick, 2007; Cheung et al., 144 2008). Hypersensitive responses to abscisic acid (ABA)-mediated stomata closure and 145 ABA-inhibited root growth have been reported for ropgef1ropgef4 and 146 ropgef1ropgef4ropgef10 mutant plants (Li and Liu, 2012; Yu et al., 2012) . A recent 147 study found that RopGEF1 was targeted for degradation by ABA and functioned in 148 ABA-mediated inhibition of lateral root growth (Li et al., 2016) . RopGEF11 has been 149 shown to be involved in root development by interacting with phytochrome (Shin et 150 al., 2010) . We have previously reported that RopGEF7 is important for 151 auxin-dependent maintenance of root stem cell niche (Chen et al., 2011) and showed 152 that the accumulation of auxin efflux carriers PINs in the PM was reduced in 153 knock-down plants with reduced RopGEF7 expression (Chen et al., 2011; Huang et 154 al., 2014) . A subset of RopGEFs are specific and highly expressed in pollen, while Figure 1D) , whereas in open flowers GUS was detected 195 in petals and pistils but not in the anther and pollen (Supplemental Figure 1E and 1F), 196 similar to previously reported (Li and Liu , 2012) . To study RopGEF1 subcellular localization, we used GFP-RopGEF1 translational embryos, and its localization was polarized and again became more strongly 212 associated with the apical PM of the protoderm cells ( Figure 1L ). In the root meristem, To assess the functional role of RopGEF1, we identified two T-DNA insertion lines 221 and named them as ropgef1-3 and ropgef1-4 (Supplemental Figure 3A and 3B).
222
qRT-PCR analysis showed that ropgef1-3 is a knockdown mutant with reduced 223 expression of RopGEF1 (Supplemental Figure 3C) , whereas ropgef1-4 with its 
11
From the 16-cell to the heart stage, mutant embryos displayed abnormal shapes such Friml et al., 2003; Blilou et al., 2005; Cheng et al., 2007; Robert et al., 2015) . Similar embryo phenotypes were also found in ROP3 dominant negative and loss of function 243 mutants (Huang et al., 2014) . In addition to these more severe cell division defects, 244 ropgef1 embryos also displayed weak phenotypes derived from abnormal cell 245 divisions in the protoderm layer (Supplemental Figure 4D to are also highly expressed in embryos (Winter et al., 2007) , and likely contribute to 11.7% (n=587) for ropgef1-4 whereas only 1.87% (n=482) of wild type seedlings 272 developed defects (Supplemental Table 3 ).
274
The strong RopGEF1 pro :GUS expression in embryonic leaves ( Figure 1E Figure 7B) . However, the root gravitropic response in ropgef1 mutants development and root gravitropism, properties known to be regulated by auxin. ( Figure 4E , 4I and 4L; 11.4%, n=35 for ropgef1-3; 16.7%, n=30 for ropgef1-4) or 340 altered auxin maximum in the root pole ( Figure 4H ). These data is consistent with 341 auxin distribution being perturbed in ropgef1 embryos.
343
We also examined DR5rev:GFP in ropgef1 roots. In vertically grown roots, the 344 level of DR5rev:GFP expression was slightly lower or similar in the QC and The auxin influx carrier AUX1 and efflux carrier PIN2 mediate basipetal auxin flux 387 and are required for the root gravity response (Bennett et al., 1996, Luschnig et al., 388 1998). To investigate if the delayed root gravitropic response in ropgef1 depends on suggested earlier by Robert et al (2015) . A previous study showed that the expression 412 of AUX1 in the stele cells was not required for root gravitropic response (Swarup et We next assessed the effect of Latrunculin (LatB), a drug that disassembles actin.
436
In wild type cells, the actin filaments were degraded into short fragments after 2 h of 437 LatB treatment ( Figure 7D ). Strikingly, actin filaments in ropgef1-3 and ropgef1-4 438 root cells became highly fragmented and often appeared as punctuate structures 
24
( Figure 7E and 7F) resulting in a highly disrupted actin filamentous network.
440
Therefore compared with wild type, ropgef1 mutants were more sensitive to LatB 441 treatment. The quantitative analyses on F-actin also showed that LatB-treated ropgef1 442 mutants had reduced occupancy values compared to the wild type ( Figure 7G ).
443
Together these data suggest that RopGEF1 is required for the integrity of actin 444 cytoskeleton. and was similar to LAX2 and PIN7 in the suspensor (Robert et al., 2015 , Friml et al., 468 2003 . Auxin is known to be key for embryogenesis (Lau et al., 2012; Smit and (Robert, et al., 2015) , although aux1 single mutant has no 481 embryo phenotype, a recent genetic study showed that AUX1 and closely related 482 genes LAX1 and LAX2 played redundant roles in embryo development (Robert, et al., 483 2015). AUX1/LAX auxin influx transporters and PIN auxin efflux carriers function 484 cooperatively to regulate embryo development, because combining mutations in PIN 485 and AUX1/LAX genes had stronger embryo defects (Robert, et al., 2015) . That ropgef1 486 phenotypes at globular stage are stronger at the root pole than pin7 and ropgef1 487 seedlings also showed cotyledon defects not observed in pin7 (Friml et al., 2003) at pole during embryogenesis (Robert, et al., 2015) , suggesting a role of auxin influx 503 carriers in the shoot pole to root pole auxin transport. Interestingly, both auxin efflux 504 and influx carriers are required for establishing the auxin gradient at the root tip by 505 simulation and experimental analyses (Band et al., 2014) . In showing that knockout or 506 severely knocked-down ropgef1 mutants displayed perturbed AUX1 polarity and auxin transport to root elongation zone to result in root gravitropic response, as 514 previously speculated (Robert, et al., 2015) . The polar localization pattern of GFP-RopGEF1 in root stele cells ( Figure 1N showed that ROP signaling was linked to the regulation of PIN localization (Lin et al., 545 2012; Huang et al., 2014) . ROP6 interacts with RIC1 (ROP-interactive CRIB 546 motif-containing protein 1) to inhibit PIN2 endocytosis by the stabilization of actin 547 filaments in roots (Lin et al., 2012) . ROP3 affects PIN1 and PIN3 abundance in the 548 PM of the root stele cells through regulating their recycling (Huang et al., 2014) . A 549 ROP effecter protein ICR1 (interactor of constitutive active ROP1) regulated PIN 550 recycling and polarity of PIN1 and PIN2 and was required for embryo development 551 and root meristem maintenance (Hazak et al., 2010) . Therefore, in controlling ROP (Gu et al., 2006) . To determine whether RopGEF1- mediated ROP activation underlies it activity to impact PAT, e.g. by mutating the 558 conserved residues within the PRONE domain that binds to ROP (Thomas et al., 559 2007), will need to be explored in the future. It remains to be determined which one 560 among eleven ROPs is part of RopGEF1-mediated PAT pathway.
561
RopGEFs are important for polarized pollen tube growth, which strongly 562 depends on a dynamic and elaborately organized actin cytoskeleton (Cheung and Wu 563 2008). It was reported that AUX1 polarity in root protophloem cells was dependent on Arabidopsis thaliana ecotype Columbia-0 was used in this study. Some of the marker 584 lines used were previously described: AUX1 pro :AUX1-YFP (Swarup et al., 2004) ;
585
PIN1 pro :PIN1-GFP (Benkova et al., 2003) ; PIN7 pro :PIN7-GFP (Blilou et al., 2005) ; Ti plasmid pAC1352 (Chen et al., 2011) . plants were selected on kanamycin-or hygromycin-containing (25μg/mL for 605 kanamycin, 15μg/mL for hygromycin) medium.
606
The sequences of the primers used in chimeric gene constructions are listed in The T-DNA insertion mutants of RopGEF1, ropgef1-3 (GABI_GK524D01) and 
33
into ropgef1 mutants for complementation studies.
628
The sequences of the gene-specific primers used are listed in Supplemental Table 1 629 online. GUS staining of ovules and seedlings followed the standard procedure (Chen et al., 668 2011) in 0.25 mg/mL X-GLUC (5-bromo-4-chloro-3-indolyl-glucronide) To quantify percent occupancy (density) of F-actin, we used images of epidermal 690 cells in root maturation zone from at least 9 serial optical sections (1-μm-step) 691 following the methods of (Higaki et al., 2010) and (Dyachok et al., 2014) .The original 692 confocal images were converted into binary images and skeletonized images for the 693 measurement of F-actin pixels. Filament occupancy was calculated with the total pixel 694 numbers of all marked filaments. Density was defined as the ratio of the filament 695 occupancy and cell area as described by Dyachok et al. (2014) . The above The following materials are available in the online version of the article. Guangdong, Guangzhou) for technical assistance with confocal microscopy. results. Asterisks highlight significant differences from the wild type by student's t 804 test (**P < 0.01).
805
(E) and (F) ropgef1 seedlings were more sensitive to the treatment of the influx 
857
Asterisks highlight significant differences from the wild type by student's t test (*P < 
